The local environment surrounding magnetic impurity atoms and the host crystal structure of codoped TiO 2 (TiO 2 :Co) nanocrystal ferromagnetic semiconductors have been investigated using the x-ray absorption fine structure and powder diffraction techniques. It has been found that the magnetic Co impurity atoms substitute for the Ti sites in an anataselike local environment through a structural phase transition when the material changes from an amorphous phase to a mixture of anatase and rutile crystal structures and then to a rutile structure as a result of increasing the anneal temperature. This result reveals an interesting feature that the local structure around magnetic impurity atoms can remain practically unchanged while the material undergoes drastic structural variations and a loss of room-temperature ferromagnetism. 1,2 Thin films of Co-doped TiO 2 compound semiconductors grown by laser molecularbeam epitaxy ͑MBE͒ were shown to be ferromagnetic with Curie temperatures above room temperature. These observations have aroused a world-wide interest in the study of the structure and physical properties of this material system.
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Recent advances in the spintronic technology have stimulated considerable interest in ferromagnetic semiconductors with a high Curie temperature for the development of innovative spintronic devices.
1,2 Thin films of Co-doped TiO 2 compound semiconductors grown by laser molecularbeam epitaxy ͑MBE͒ were shown to be ferromagnetic with Curie temperatures above room temperature. These observations have aroused a world-wide interest in the study of the structure and physical properties of this material system. 3 In addition to the MBE-grown TiO 2 :Co films, nanocrystals of TiO 2 :Co prepared by the sol-gel method are potentially useful as building blocks for applications in small-to-large micromanufacturing techniques for the production of spintronic devices using microstructural designs. In a previous study of nanocrystals, it has been demonstrated that the controlled agglomeration of nanocrystals can be achieved by means of chemical treatment and thermal annealing. This approach could provide an effective method for assembling such nanocrystal building blocks 4 for large-scale applications. In light of the diversity of crystal structures of TiO 2 :Co, as well as the different magnetic and thermal properties associated with each structure, it would seem very interesting to investigate the variations of short-and long-range structures in TiO 2 :Co nanocrystals under heat treatment and to correlate the structural changes with their magnetic properties.
In this work, we have studied the local structural variations around magnetic Co impurity atoms as the host crystal structure of TiO 2 :Co changes as a result of heat treatment at different temperatures. In an initial report, room-temperature ferromagnetism has only been observed in the anatase phase of TiO 2 :Co but not in the rutile phase. 2 For comparison, it can be noted that the local environment surrounding In and Ga atoms in the compound system In 1Ϫx Ga x As shows very little variations as the lattice constant of the zinc-blende structure changes appreciably from InAs to GaAs. 5 For an understanding of the magnetic properties, it will also be of fundamental interest to investigate the local structural variations around the impurity Co atoms when the host crystal structure in TiO 2 :Co undergoes a change in both symmetry and lattice constant.
Samples of TiO 2 :Co with a Co concentration of around 6 at. % were prepared by a sol-gel method using titanium isopropoxide (Ti͓OCH(CH 3 ) 2 ͔ 4 ) as the source of titanium and cobalt chloride hexahydrate (CoCl 2 .6H 2 O) as the source of cobalt in presence of a 1:1 mixture of n butanol and n propanol. The details of the process and the initial characterization of the resulting materials will be reported elsewhere. 6 The starting sol-gel samples were annealed in air at different temperatures of 220°C, 450°C, and 1000°C, respectively. The samples annealed at 220°C and 450°C exhibit ferromagnetism at room temperature ͑Fig. 1͒ while the as-made sample is mainly paramagnetic, and that annealed at 1000°C is entirely paramagnetic. A typical hysteresis curve measured at room temperature for the sample annealed at 450°C exhibiting ferromagnetism is shown in Fig. 1 . As shown in Fig.  2 , the transmission electron micrograph ͑TEM͒ demonstrates that these samples consist of TiO 2 :Co nanocrystals around 40-100 nm in diameter. The x-ray absorption fine structure ͑XAFS͒ and x-ray powder diffraction ͑XRD͒ experiments were performed at beamline X3B1 of the National Synchrotron Light Source in Brookhaven National Laboratory. To determine the long-range-order structure of the TiO 2 :Co samples, XRD data were taken with the wavelength of the incident x-ray beam set at 1.24 Å. The intensity of the scattered x rays was measured as a function of the angle between the scattered and incident x rays. The XRD data for all samples studied are shown in Fig. 3 .
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TiO 2 :Co samples was probed by extended XAFS ͑EXAFS͒ using a conventional x-ray fluorescence detection mode. A single-element solid-state Si͑Li͒ detector was used to collect the x-ray fluorescence photons from the samples. Detailed experimental procedure of our EXAFS measurements has been reported previously. 7 To extract the EXAFS -functions from the raw experimental data, an established data reduction and correction procedure was used. 7, 8 These -functions were then weighted with k 3 and Fourier transformed into real space for direct comparison. 9 For quantitative local structural information, a curve-fitting process using the backscattering amplitude and phase-shift functions obtained from theoretical models by a well-known FEFF program was applied. 7, 10 The Fourier transforms of the experimental EXAFS -functions for all three samples are shown along with their respective theoretical curves in Fig. 4 ; the raw EXAFS -functions are shown in the inset. The local structural parameters obtained from this curve-fitting process are listed in Table I .
As shown in Fig. 3 , the XRD data of the as-made sample and that annealed at 220°C do not show any pronounced features, indicating that these two samples are largely amorphous. When the annealing temperature was raised to 450°C, predominant anatase features show up and are accompanied by some minority rutile features. And, in the sample annealed at 1000°C, the anatase features disappeared, leaving the sample to be pure rutile. However, the EXAFS results shown in Fig. 4 and Table I rounded by six O, four Ti, and four Ti near neighbors at distances of 1.95, 3.04, and 3.79 Å, respectively. 11 The slightly larger CouO bond length ͑2.05 Å͒ in this sample as compared to the TiuO bond length ͑1.95 Å͒ in anatase TiO 2 can be understood as caused by a local built-in distortion when a Ti atom is replaced by a Co impurity of a different size. The CouO bondlength is also consistent with cobalt in the divalent state as shown by Co K-edge near-edge XAFS. At an annealing temperature of 1000°C, although the anatase phase TiO 2 has been transformed into a thermally more stable rutile phase, the local structure around the Co impurity atoms still remains largely anataselike, with 4.8 O, four Ti, and four Ti neighbors surrounding the Co central atoms at distances of 2.07, 3.02, and 3.74 Å, respectively ͑Table I͒. After a more refined curve-fitting process, we conclude that no more than 5% of the rutile phase local structure ͑which should have eight Ti near neighbors at 3.569 Å͒ can be allowed by our EXAFS data.
The anataselike environment surrounding the Co impurity atoms in the 1000°C annealed sample suggests the possibility of minute anatase TiO 2 :Co crystallites imbedded in the rutile TiO 2 host or on the grain boundaries. In contrast to the ferromagnetism observed in the 220°C-and 450°C-annealed samples, the 1000°C-annealed sample is paramagnetic at room temperature. Ferromagnetism was restored by heat treating this sample at 800°C in a reducing atmosphere of a flowing mixture of nitrogen with 10% hydrogen. Roomtemperature ferromagnetism in MBE-grown Co-doped TiO 2 systems was initially reported only in the anatase films. Recently, room-temperature ferromagnetism has been reported in sputtered films with the rutile structure. 12 We have shown that changes in the magnetic properties with an increasing anneal temperature observed in our sol-gel samples correlate with the loss of anatase long-range order as a result of host structural transformation from anatase to rutile TiO 2 .
From a local structure point of view, it is interesting to realize that the local anatase environment surrounding the Co impurity atoms remains largely intact while the TiO 2 host undergoes a drastic crystal structural change from anatase to rutile as the annealing temperature was increased from 450°C to 1000°C. A somewhat similar observation of a stable local environment around impurity Ga atoms has been reported when the long-range structure in the compound In 1Ϫx Ga x As undergoes a large change in lattice constant with increasing Ga concentrations. 5 Our results may serve as a rather unique example that the local structure around impurity atoms can remain insensitive to the long-range structural variations including not only the lattice constant but also the crystal symmetry.
In conclusion, we have found from XRD that the longrange-structural order of TiO 2 :Co nanocrystal samples prepared by a sol-gel method can be changed from amorphous to a mixture of predominant anatase and minority rutile phases and then to the pure rutile structure by thermal annealing with increased temperatures. However, as demonstrated by the rather unique EXAFS results, the short-rangeorder structure around the magnetic Co impurity atoms maintains an anataselike local environment with Co substituting for the Ti sites ͑which emerged from amorphous to anatase transition of the host crystal structure͒ even after the host crystal structure was totally transformed into the more thermally stable rutile TiO 2 . Our x-ray results have demonstrated a rather unique result that the local environment around impurity atoms can remain practically unchanged when the host nanocrystal undergoes drastic long-range structural changes.
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